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Hot proton anisotropies and cool proton temperatures
in the outer magnetosphere

S. Peter Gary, Mark B. Moldwin, Michelle F. Thoms~n, Dan Winske,
and David J. McComas

Los Alamos National Lahoratory, Los Alaros, New Mexico

Abstract. The plasina sheet and ring current ions of the outer magnetosphere typically
exhibit an anisotropy such that the perpendicular temperature is greater than the paral-

lel temperature. If such an anisotropy is sufficiently large. the electromagnetic proton cy-
clotron instabhility will he excited. This instability is studied using linear Vlasov theory

and one-dimensional hybrid simulations for a homogeneous plasma model representative

of conditions in the outer magnetuspher.  The model includes a hol anisotropic proton
component and a col, initially isotropic proton component. Theory and simulations hoth
predict that there is n threshold hot protcn anisotropy for this instability which depends
inversely on the parallel /3 of the hot component. ‘The simulations are also used to exam-
ire the nonlinear response of the cool protons to the proton cyclotron instability: the late-
time temperature of the cool protons is found 10 increase as the relative hot proton den-
sity increases. Analysis of plasma observations obtained by the Los Alamos n.agnetospheric
plasma analyzer in geosyuchronous orbit finds that the hot ion anisotropy is indeed bounded
by the predicted jdependent threshold.

1. Introduction

The recent increase in the uwse of statistical methods for
the analysis of spacecrafl. data has led (o Lhe discovery of
several correlations hetween or among olmerved plasiia pa-
rameters in and near the terrestrinl inagnelosphere. It is in-
portant to understand these correlations becaise they can
provide constrainis on, and thereby improve the accuracy
and predictive capability of, largescale magnetohydrody-
namic (MIHD) models of the magnetaspliere.

Some of thewe correlations miay reflect plasina rosponse
o the largescale dynamics of the magnetasphere, and in
such casen il is appropriate to interpred thein in ternw of
MHD theories. l'or exanple, *~cent studies of the statistical
relationship between pressure and cdemsity as obwerved in
the geomagnetic tail have bheen exanined in ternm of an
MHD franwework s Geort: and Daumjohann, 1991, anl
referenices therein].  However, other olmerved correlationn
may be due Lo sipall-seale, kinetie processos, and therefore
roqquire interpretation in terns of Viasov theory aid particle
sitnulations,

An example of a statistical relationship which is induced
by kinetic plasina physics is Ui inverse correlation hetween
the proton iemiperature anisotropy and the proton parallel
i in the highly comprosaxd terretrial nagnetasheath dis-
coverl by Anderson of al. [I#M] and which taken (he
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where the perpendicular and parallel svmbols denote di-
rections relative to the hackground magnetic field B, and
Ap = 8mnyl)p/ B2 Linear Viasov theory has been
used to show that such a relationship corresponds to the
threshold condition of the electronagnetic prowon cyclotron
anisoiropy instability [Gary and Lee, 1994]; hybrid sinula-
tions of this instability have further demonstrated that such
a relation represents an upper bound on 'I'l,,/'lilp [CGary et
al.. 1994a). Although the numerical values of the coetficients
on the right-ha:d side of (1) vary with the choice of max-
imum linear growth rate at threshold and on the prosence
of other ionic species [Gary et al.. 1993a, D], these varia-
tions are relatively weak for megnetosheath parameters so
that several different sheath olxservations have vielded sinm-
ilar unper bounds [Hau ¢i al., 1993; Phan ot al., 1991:
Fuselier et al., 1994).

Gary ef al. [1594))] has argned that a related anisotropy
upper bound may be observed in the outer magnetosphere.
Measurements at geosynchronous orbit typically show the
cocxiste ice of hot and cool ion components [e.g.. Mc('o-
mas ¢! al., 1993]. The hot component, termed plasma sheet.
of ring current ions, typically has a plasina temperature of
several keV aud is usually anisotropic (7' /1 > 1) and
reiatively tenuous (n 1 em™) [Mauk and McPherron,
1980; Anderson and Hamilton, 1993]. The cool ion conr
ponent. is usuai’v identified as consisting of one of two types.
Plasmia trough ions are mueh cooler (1 to 10 ¢V) bhut. more
dense {72 ~ 1 to 10 cm™?) than the hot component, whereas
plasmasoheric ions are still cooler (of order 1 eV) and still
mwre dense (1~ 10 10 100 emi™?) [Reasoner of al., 1983).
Gary et al. [1994h] represented these condgitions with a hot
proton /ceol proton model, and showed that, in this nxxlel,
the electromagnetic proton cyclotron anisotropy instability
(hereafter the “proton cyclotron instability™) leads to an
upper bound on the hot. proton anisotropy and furt hermore
itplies a scaling for the temperature of the cool proton conr
ponent.

Il the ion distribution functions of a plasma are approx-
imately bi-Maxwellian with 77 ; > Tj;, then several insia-
hilities driven by such anisotropies tnay arise. In an clec-
tron/proton plasma with Ty, > Ty, and i3, < 1 the grow-
ing made of lowest threshiold is the proton eyelotron insia-
bility [(Fary cf al., 1976]. Lincar Vlasov theory in a hono-
genecous, collisionless plasina prediets that this instability
grows at real froquencies w, loss than 2, the proton cy-
clotron frequency, with maximam growth rate 4, at prop-
agation strictly parallel 10 B,., and with strictly transverse
clectromaguetic fluctuations (6B and dE perpendicuar to
B.,) [(fary, 1993, and references therein]. We tern trans-
verse Huctuations in the range $2yy,+ < wy < Q) "proton-
cvelotron-like™ fluctuations.

Fauation (1) «orresponds to a threshold of the proton ey
clotron instability, wnd, as such. represents an upper bound
on the proton temperature anisotropy. 11 the anisotropy is
lews thaw the threshold value, there is no signilicant instabil-
ity growrh, no wave particle seattering, and no local change
i Ty /1. Onthe other hand, i the plasiacis driven by
tacroscopic forees such that 7'y, /1), excecds the threshold
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condition for a given /4. the proton cyclotron instability
will arise and will pitch angle scatter the protons. If the
convection of Auctuation energy away from the region of
excilalion is not. tou rapid, this scattering will return the
anisotropy to threshold.

This interpretation of (1) implies that a relationship
of this form should be olserverdd not only in the magne
tasheath but also in any collisionless. sufficiently homoge-
neous plasima in which the proton eyclotron instability is
excited. Because Ty /T > | is a prevailing condition for
prolons in the outer magnetosphere. and hecause proton-
cyclotron-like fluctuations are often observed in the terres
trial magnetasphere, especially at geosynchronous orbit and
beyond [Mauk and McPherron, 1980: Young ef al., 1981;
Fraser, 1985, Anderson ot al., 1992], it is likely that an
upper bound similar 10 (1) should be observable there.

To represent outer magnetospheric conditions, we assuime
that there are only (wo species present, protons (denoted
by subscript. p) amd electrons (subscript ¢), but that there
are two pro‘on componeris: the anisotropic hot compo-
nent (subscript 1) and the mitally isotropic cool compo-
nent (subseript ¢). We assuine that eacn comvonent is rep-
resented by a bi-Maxwellian for both the zeroth-order lis
tribution functions of lincar theory and the initial proton
distribution inctions of the simulations.

Table | states the values of the dimensionless param
clers which we use in both our lincar theory and sine
ulations; in particular, we assuine (he electrons and the
cool prolon component are initia'ly isotropic, and choose
Ty = 0001, and T = (01 + w'lyn)/ne. We con-
sider only k X B,, = 0, corresponding 1o the direction of
propagation which vields the maxinum growth rate. The
lincar theory properties of the proton cyclotron instability
al propagation parallel to B, are essentially independent of
the electron temperature. so our choice of eleetron temper-
ature and our negleet of the hot/eool two component. na-
ture of magnetospheric cleetrons are valid approximations
for the work desceribed below. Charge neutrality is satisficd
(Zi cjnj = 0 where the suris over both species and hoth
proton components).

The notation of this manuscripl is the sanw as in Gary
ef al. [1994D]. We assume that the hot proton anisotropy
al instdility threshiold miay be written in the form

Ly, _ 8 .
T | = & (2)
0 A

2. Linear Theory

Numwrical solutions of the full linear Viasov dispersion
equation for the paraneters given in Table | shiow that there
are two nstahilities tiat can be dnven by T ;,/'Ii“, > |
These are the proton eyelotron mstability and the nirror in
stability [see, for examnple, Gary, 1993]. Figure | compares
the threshold for the two growimg nkdes and shows that
for the usual magnetospherie condition ul',i";, <, 1 the for
wer instability has the fower Threshold, Tlis stiateinent is



true not only for the choice m,/ ne = 0.50 used in Figure
1, but for a wide range of hol proton relative densities, so
that we concentrate on the proton cyclotron instability in
the foll»wing discussion.

I'he second point illustrated by Migure 1 is the power law
relationship between the proton temperature anisotropy and
;1“;, al a (ixed value of the maximum growth rate. For the
parancters ol Figure | we have oy, = 0.42. This value is
similar not only 1o many other determinations of ¢y, irom
lincar theory aud computer sinulations [e.g.. Gary ¢l al.,
1994Db], but also Lo the power of /4, in the observed resull
of Fquation (1).

Fig. 3 of Gary et al. [1991b] shows that, as long as
Ty-/Tyn £ 0.1, variation:. in the cool proton temperature
do not allect the threshold significantly.  Similar semple
computations at nh/n, = 0.10 and ,’i"h = 0.10 demon-
strate no important changes in the hot prelton temper-
aturc anisotropy at instability threshol!' over the range
0.10 < T1+/T. € 100. Therefore S, of auation (2)
is ersentially independent of the thermal properties of thie
coul protons.  owever, this quantity does depend on the
hot proton relative density. In particular, Gary of al
(19911 showxed that, al sufficiently large values of np/n,
and sufficiently small values of ¥y, /S2p, ), is proportional
o (my/ 13 lere we consider the completnentary case
of 0.001 < my,/n, < 0.10 where, for 4,, /82, >~ 0.005, the
hot proton anisotropy is relatively indepxdendent of the hot
proton relative density (for example, see ig. 2 of Gary ol
al , 1994). Then at 4y, = 0.10 lincar theory implies .9}, ~
029 at 7, /2, = 0.005 and ), ~ 0.18 at 7, /2, = 0.002.

3. Simulations

‘T'his sectiou deseribes results from sinmlations of the pro-
ton eyclotron insability using the sane two-component pro-
ton vuxlel utilized in the previous seetion. The compulta-
tons use the one-dimensional hybrid code of Winske and
Omidi [1993]. which has been used many tines to sinw-
late this instability under couditions appropriate (o the ter-
restrial magnetosheath [Gary of al, 1991a, and references
therein]. In a hybrid siulation the protons are ropresented
as collisionless superparticles aned the eleetrons are taken as
acrmaeslesss fluicd. This is an appropriate model Tor this insta-
hility Deemse the hot protons are resonant (1 5|7 < 3)
wilh this instability, whereas the eleetrons are nonresonant
(I¢E] >> 1). All computations deseribed here ase initial
value simulations carricd out with periodic boundary cotli-
tions at kx B, = 0, and with the following paranters: 128
cells, anintegration tine step oft M2, = 0,05, 12800 hot
superparticles and G100 cool superparticlos The superpar-
ticles of cach component are weighted so that the relative
densities they represent mny e chinged withont ehanging,
the number of superparticles thenselves. We choose the sys
(et lengt beso that mode 8 (the mode with cight wavelengths
within the simulation hox) approxnnately corresponds 1o
the wavelength ol riaamm growth rate This permits the



sitnuladion to represent a broadband spectrum of growing
fluctuations for all parameter ranges considered here.

There have been several self-consistent simulations of the
proton cyclotron instability in the presence of a cool ionic
component [Cuperman and Sternlieh. 1977; Cuperman,
1931 Tanaka, 1985, Omura ¢t al, 1985; Machida ¢t al.,
1938]. Such sinmlations typically demonstrate that the fluc-
tuating fields attan a relatively weak maximum amplitude
(|6 B)* << B2) and that the saturation mechanism is hot
proton }»ch angle scattering which acts over a relatively
wide range of proton parallel velocities to reduce Ty p /7Ty
to the condition of weak growth or stability. The addi-
tion of cool ions to the sinmlations enhances the magnetic
“luctuation energy al saturation [Cupcrman and Sternlich.
19977] and leads 10 stroug heating of the cool component if
that component is cyclotror resonant with the iustability
[Tanaka, 1985]). Omura ¢l al. [1985] also found that, be-
cause they are nonresonant, cool protons were heated much
lewss strongly than cool helium ions.

Figure 2 shows results from a representative simulation
of the proton ¢y ' “~on instability in our model.  Here
np/ne = 0.10. and the initial values of the dimensionless
paramelers are as given in Table 1 widch ,i";, = 0.10 amd
Ty Tyn = 6.07, which yield an initial linear growth rate
of ¥m = 0.1082,. As in niany other self-consistent calcula-
tions of this instability. the fluctuating magnetic field grows
rapidly to saturation at a relatively low level. Wave-particle
scatiering by the enhanced thuctuations reduces Ty, (not
shown) and increases 'lhh, Just as in siimulations in which
ouly a single proton component is present [e.g., McKcan
ol @i 1992], so that the temperature anisetropy of the hot
protons attains a slowly changing late-time condition.

Figure 3 presents late-tine results lor the hot proton tenr
perature anisotropy from four ensembles of simulations cor-
vesponding Lo four different initial values of ‘),,,/Qp. llere
H-h/ll, zz .10 and all other dimensionless variables except
for ti. hot proton temperiture anisotropy and :i“;, were ini-
tially chosen as deseribed in ‘Table 1. Then, for each choice
of initial values for 4, and 7, /2, for cach run Ton/ Ty
was chiosen Lo satisfy the condition « “coustant initial growth
rale,

Figure 3 shows that the late-tine hot proton temper-
ature anisotropy for cach en~emble well satisfies the ,1",,-
dependence of Feuation (2), and that oy, is relatively inde
pendent of the choice of initial vadue uI'),,,/SZ,,. The resubis
here are conmensirrate vith the average value ay, = 0.1
stated by Gary of al. [1991b]. Tn contrast Ty, /Ty, -1 does
not generally satisfy a power ‘aw dependence on ny, /1, bt
cather exhibits the same type of nonmonotonic response to
the hot proton relative density in the simulations as it does
at thresholds determined from linear theory [Gary of al..
1991h, Figs. 2 and 7).

The cool provons are nonresotant with respee’ 1o the pro
tou eyelotron istability, tnatis, ¢ |+« 1 The cool pro
ton cesponse shown i Figure 2 s the relatively weak heat
ing expected for suell a component, and is characteristic of
miany of oir computations. AU carly s 1) (not shown)
and 'I'L../'Iil,. inereise rapidly, “caching maxinmmn valnes at



about the same time as [0 3]>/ B2 reahes saturation. At

later times there is a more gradual incrcase of 7). with a
commensurue gradual reduction of T} -; as shown in Figure
2b the cool proton average terperature T, strikes a halance
between these two trends and attains a relatively constant
value al late times. Because this is true of many of our
simulations, we chase T../1)), as the dimensionless variabie
characterizing the cool proton response in our simulations.
The overall increase in [ is mo lest, in agreeinent with the
simulations of Omura ¢t al. [1985].

Results from Gary ¢f al. [1991h] showed no significant
change with 7:(0)/Ty,(0) in cither |4 B}? / B2 at saturation.
or TU,/'Ii“, al late titnes, demonstrating that not only the
Lot proton anisotropy but also the maximum fluctuating
ficld arnplitude is e entially independent of the cool proton
average lemperature. Under the assuamption that the late-
time 7. /Ty is udepenclent of the initial choice of Ty /Ty
if the value of the latter is sufficiently small. we seck a scaling
reiation of the forin

T S (™ .
=T | h
T A\ ne

Figure - plots T../ 1) results from simul: lions of the pro-
ton cyelotron instability as a function of the hot /eoul proton
relative density, llere the four ensembles correspond 1o a
range of ny, /i values for four different initial values of the
maximum growth rate. Here both temperatures are evalu-
ated at the time of niaximum 7., which in most sinmlations
is approximately the timwe of maximum fluc* uating nagnetic
field aniplitude, Although the slope variation is somewl.at
greater than in Figure 3. extrapolation of the results here
to the limit of zero growth rate yields A, — 0.67. 1T we
Prot 'l:./'li“, at maxinum value of 7. as a function of %,
(rom the enseble of simulations corresponding to Figure .
we lind that o has substantial variation with ‘),..\i))/&l,.:
althouglh there is no clear small growt™ rate linit, we choose
a,. >~ (. To deterinine tne last facvor on the right-hand side
of Equation (3) we choose 7,,(0)/$2,, = 0.01; this imyiics
S = 0.009.

4. Observations

Our soalysis uses data from the Los Alamos National
Laborataory  magnetospheric plasma analyzer (MPPA) on-
hoard the geasynehrotous spaceeralt 1939-016. A complete
deseription of the instrument is given in Bame o al_ [1993].
and exainples of the plasma data are shown in YeComas
< al. (193], The MIPA does not distinguish between preo-
tons and heavier ions. so for the purpose of our analysis we
assunee that both hot ad cooi observed jon components are
protons.

Asin Gary of al: [1991H], we have examined data from
o eleven-day intervals, Nevenmer 20, 1993 and Jan-
uary 21-310 1991, chiosen because of their relatively low
backgrounds, We here present results only trom the latter



interval, althongh results [rom the former interval are sinii-
lar. Because this spacecraft does not carry a magnetorneler.
we os nate f3, from the Tsyganenko model for relatively
quict magnetospheric conditions. We use an approxiate
fil to this madel of the form

B, = 100 — [5cos(277L7 [24.0) (1)

where 777 is the local tine it decimal hours and 13, is the
value of the magnetic field at synchronous orbit in nanoles-
las.

To compare the data against theory, we use & somewhat
different. approach than that of Gary ¢ L [1991h). Vve
have plotted m,/n, as a function of ,'i",, for our twe eleven-
day intervals; the results show that at 0.001 < 'nh/n, <
0.10 these two paraneters are essentialiy uncorrelated. As
we have discussed in Section 2. lincar Vlasov theory pre-
dicts that the hot proton anisotropy should be relatively
incependent of 7y /n, in this regime. Therefore, we may
compare the data against the theoretical form of Feuation
(2) where 8) for growth rates of interest is as stated in
Section 2. Observations and theory are compared in Vig-
ure 5. Tha obeerved points are for the mest part bounded
by the line corresponding to 7,,,/52,, = (.005, and appear lo
cluster “omewhat above the line corresponding to 5, /€ p=
0.002. Therelore, for this interval, the hot proton anisot ropy
has an approximate upper bound that corresponds 1o a
maxinnun growth rate of the proton cyclotron instability
Tm 59X l()""SZ,.. We conclude that this value of 5, rep-
reserrls e average maxinuin growth rate valve necessary
to maintain the hot proton temperature miisotropy al an
upper bound against the large-seale magnetospheric forees
acting to increase Ty, / Qe

At the tinw of the writing of this manuscript the algo-
rithins for the reduction of the cool jon moments from the
MPA data are undergoing refinement. Thus the T, obser-
vations presented as Fig. 10 of Gary ! al. [19%1b] must
be regarded as preliminary, and it is not yet appropriate to
carry out a detailed observalional comparison agaiist the
predicied o of Fquation (3). However we can make two
qualitative staicinents. First, theory and siulations pre-
dict that cool proton heating by the proton cycletron insta-
bility i . a nonresonant process, which is in agreenrent with
the recent observations of Anderson and Fusclicr [1991].
Second, beeause our atalysis shows that. iy and 'lil" have
relatively siall variations over the cleven-day data sots we
have chiosen, Fgnation (3) predicts an inverse correlation
between 7, and ., in agreement with the ohbservations of

Moldwn ol al. [1991].

5. Conclusions

Gary of al. [199D] have used lincar Visov the
ory and onesdingensional liybrid simulations to study the
consequenees of seattering by enhaneed  lluctuations from
the eleetromagnet e proton eyvelotron anisottopy instabiliiy,
Our outer magnetospherie niodel assunies a homogencous
plivina with a hot, amsotropic proton component and



cool, initially isotropic proton component. From this model
we obtain scalings for the upper bound on the tempera-
ture anisotropy of the hot protons and for the cool/hot
temperature ratio, as functions of .-i",, and the hot pro-
ton rrijative density.  Analysis of data from Los Alamos
plasira instruments at geosynchronous orbit shows general
ageeement with the theoretical scaling relation for Ty p /1),
This agreerent provides evidence that the proton cyclotron
instability is acting in the outer magnetosphere to linit
the hot proton anisotropy. We believe that this hot pro-
ton ani=otropy upper bound can be useful not only as a
limited closure relation for macroscopic ixdels of magneto-
sphievic plasias, but also for determinirg plasma conditions
in magnetospheric wave propagation calculations (c.g.. as a
replacement for the constant amsotropy condition used by
Horne and Thorue [1993] and others.).
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Table 1. Dimensionless Parameter Model

Paraneter ilot Proions ('vol Protons Electrons

e fmy 1.0 1.0 /1836

Gl 1.0 1.0 ~1

11‘,-/n, Varjable 1 —ny/u, 1.00

:I!!.i/'{il"l 1.0 0.0001 npfne + nefo (LSl
1Ty Variable 1.0 1.0

rafe=1x 103

References

Anderson, 13. J., and 8. A. Fuselier, Response of thermal

ions 1o clectromagnetic ion cyclotron waves, J. Geophys.
des, 9919408, 1991,

Anderson, 13, )., and D. €. Hamilton, Llectromagnetic won
cyclotron waves stimlated by modest magnetospherie
compressions, J. Geophys. Res.. 98011369, 1993,

Anderson, B_J., R E. Erlandson, and L.J. Zanetti. A statis
tical study of Pe 1-2 magnetic palsations in the equatorial
maguciosphiere, 1. Fguatorial oceurrence distributions, J.
Goophys. Ites., 97, 3075, 1992,

Anacrson, B J.. S, AL Faselier, S, P Gary and R. 1 Den-
ton, Magnetic spectral signatures in the Farth's magie
toshicath and plasina depletion layer, J. Geophys, Res.,
99, A8TT, 1991,

Banx, S. ). D) MeComas, M. F. Thonwen, B L. Bar-
raclongh, R. C. Flphic, J. I Glore, 1. T, Gosling, J. C
Chavez, I P Evans, and o0 Wyner, Magnetasphierie



plasina analyzer for spacecraft with constrained resourres,
Rev. Scr. Instrum.. 64, 1026, 1993,

Cuperman. S., Eiectromagnetic kinetic instabilities in nul-
ticompouent space plasmas: Theoretical pradictions and
computer sinmlation experimerts, Rer. Geophys.. 19.
307, 1981

C'upermnan, S., and A. Sternlich, Numerical-experiient:. in-
vestigation of the enhancement of the clectromagnetic ion
cyclotron instability by cold plasma. J. Grophys. Rer..
82,181, 1977.

Fraser. B. J., Olwervations of ion cyclotron waves no w syn-
chronous orbit and on the ground. Space Sci. Rer., |2,
357, 1985.

Fuselier. S. A., B. J. Anderson. S. P Gary, and R L.
Denton, Inverse correlations between the ion temierature
anisotropy and plasina heta in the Farth's quasi-parallel
magnetosheath, J. Geophys. Res.. 99, 11,931, 1994.

Gary, S. P, Theory of Space Plasma Micromstabilities,
Cambridge University Press, (‘ambridge, 1993.

Gary. S. P, and M. A. Lee, The ion eyclotron instability
and the inverse correlalion Letween proton aunisotropy and
pooton beta, J. Geophys. Res.. 99, 11.297. 1994,

=y, S. P, M. D. Montgonwery. W. (. Feldman, and D. W.
Forslund, Proton vemperature anisotropy instabilitics in
the solar wind, J. Geophys. Res.. &1, 1241, 1976.

Gary, S. P, S. A l'uselier. and B. J. Anderson, lon
anisotropy iustabilities in the magnetosheath, /. Geo-
phys. Res., 98, 1181, 1993a.

Gary, S. P, M. E. McKean, and L. Winske, lon eyclotron
anisotropy instabilities in the magnetosheath:  Theory
and simwlations, J. Geophys. Res.. 98, 3963, 1993b.

Gary, S. P.. M. E. McKean, 1). Winske, B. J. Anderson.
R. E. Denton. and S. A. Fuselier, The proton cyclotron
instability and the anisotropy/,3 inverse correlation, J.
Geophys. Res., 99, 5903, 1994a.

Gary, S. P.. M. B. Moldwin, M. F. Thonwsen, D). Winske, and
D. J. McClomas. Hot proton anisotropies and cool proton
lenperatures i the outer magnetosphere, J  Geophys.
Res.. 99, xxxxx, 991D,

Goertz, C. K., and W, Bawngjohaun, On the thermodynany
ics of the plasma sheet, J. Geophys. Res., 96, 20991,
1991.

Hau, L-N., T-D. Phan, B. 1. 0. Sonnerup. and G.
Pasclimann, Doublepolytropic closure o the magne
tosheath, Geophys. Res. Lol 20, 2255, 1993.

Iorne, . B, and R. M. Thorne, On the preferred source
location for the conveetive amplification of ion cyclotron
waves, J. Geophys. Res., 94, 9233, 19933,

Machida, 5., (. K. Goertz, and T. Hada., The clectrotag-
netic ieu eyclotron instability in the lo torus. J. Geophys.
Res.. 94, TH15, 1988,

Mauk, B. 11, and R. L. McPherron, An experimental test
of the eleetromagnetic jon eyelotron instability within the
cart s nagnetosphere, Phys. Fluids. 239, 2111, 1980.

McConws, D J.0 SC L Bame, B L. Barraclough, J. R,
Donart, R. . Eliphic, J. T, Gosling, M. B. Moldwin, Is. R,



Moore, and M. F. Thonwen. Magnetospheric plasma an-
alyzer: Initial threespaceeraft observations from geosyn-
chronous othit, J. Geophys. Res., 98, 13453, 1993,

MceKean. M. 1. D. Winske, and S. 12 Gary, Mirror and ion
cyclotron anisotropy instabilities in the magnetasheath.,
J. Geophys. Res.. 97. 19421, 1992,

Moldwin, M. B M. F. Thousen. S. ). Bame, D. J. McCo-
mas. and K. R. Moore. The structure and dynaiiics of the
outer plasiuasphere: A multiple geasynchronous satellite
dtudy, J. Geophys. Res., 99, 11475, 199%.

Onara. Y., M. Ashour- Abdalla, R. Gendrin, and K. Quest.
Hleating of thermal helium in the equatorial magneto-
sphere: a sitnulation study, J. Geophys. Res.. 90. 8281,
1945,

Phan, T.-D.. G.. Paschmann, \\. Baumjohann. and N. Sck-
opke, The magnetosheath region adjacent to the dayside
magnetopause: ANMPTE/IRM olwervations, J. (icophys.
Res.. 99, 121, 1994,

Reasoner, . L., P. D. Craven. and (". R. Chappell. Char-
acteristics of low-cuergy plasma in the plasmasphere and
plasima trough, J. Geophys. Ros.. 88, T913. 1943,

Tanaka. M.. Simulations of heavy ion heating by electromag-
netic ion cyclotron waves driven hy proton temperature
ansotropies, J. Geophys. Hes.. 90, 6459, 1985,

Winske, D.. and N. Omidi, Hybrid codes: Methods and ap-
plications, in (‘vmputer Space Plasme Physies: Siom-
ulation Toehn:ques and Joftware, edited by H. Mat-
sumoto and Y. Omura. p 103, Terra Scientific, Tokyo.
1993.

Young. D. T.. S. Perraut, A. Roux, (. de Villedary, R. Gren-
drin, A. Korth, ;. Krenwser, and D. Jones, Wave-particle
interactions near 7.+ observed on GEOS 1 and 2. 1.
Propagation of ion cyclotron waves in Het-rich plasma.
J. Geophys. Res., 86, 6755, 1981.

S. P Gary. D). J. McComas, M. I3. Moldwin, and M. F.
Thomsen, M. S. TH66, Los Alamos National Laboratory.
Los Alamos, NM 875145 (Internet: pgary:4lanl.gov, dmxcco-
masalanl.gov. nunoldwin alanl gov. mthormsenalanl.gov)

D. Winske. M. S. F645, Los Alamos National Laboralory,
Las Alamos, NM 87515 (Iuternet: dwdemos.lanl.gov)

Figure 1. The hot proton temperature anisotropy at
the v, = 0.01Q, threshokd of the proton cyclotron in-
stability and the mirror instability determined from linear
Vlasov theory as a function of the parallel hot proton 7.
Here nh/n, = (.50; other paraneters are as given in Table
. The individual poiuts are computed from the linear dis-
persion equation; the corresponding lines are least-squares
fits 1o the points with ay = .12 for the proton eyclotron
instability and ay, = .58 for the mirror instability.

Figure 2. Resulis as a function of time from a repre
sentative sinnulation of the proton cyclotron instability. The

10



initial values of the dimensionless paraineters are as given
in Table | (except in this case we waed 2n initial value of
T. = 0.0017). with np/n, = 0.10. H, = 0.10, and
T1n/Tyn = 6.07. corresponding to an initial 9,, = 0.10€2,.
(a) The soliq dots represent the teniperature anisotropy of
the hot proton component, the solid squares represen’ the
teniperature anisotropy of the cool proton component. and
the crowes represent the parallel temperature of the hot
protons normalized to the initial value of that parameter.
(b) The square dots represent the parallel temperature of
the cool protons norimalized to the initial value of the paral-
lel hot proton temperature. and the open squares represent
ibhe total fluctuating magnetic field energy density norimid-
izedl to the energy density of the background magnetic licid
[From Gary et al.. 1991b).

Figure 3. Latetime values of the proton temperature
anisotropy as a function of the late-time proton paraliel .7
with ny, / n, = 0.10 from simulations of the proton cyclotron
instability using initial parameters as given in Table 1. The
solid dots correspond to runs with '),,,(())/Q,, = 0.10. the
open squares correspond to runs with 4,(0)/€, = 0.05.
the open triangles correspond to runs with 4,,(0)/Q, =
0.02. and the open dianmonds correspond to runs with
1m(0)/; = 0.01. lere cach point is obtained by aver-
aging over five results from near the end of each sirmulation.
where the runs go to Q,t = 200 for 4,,(0)/Q2, = 0.10 and
0.05. Q2,1 = 400 lor 7,,(0)/, = 0.02, and Q! = 600 for
7,,,(())/62,, = 0.01. The lines represent least-squares fits to
cach cusemble; these fits yield a), = 0.40 for 7,,,(0)/€Q, =
0.10. ap = 019 for 7,,(0)/Q, = 0.05. a; = 018 for
1m(0)/2p = 0.02, and ay = 0.51 for 7,,(0)/Q, = 0.01.

Figure 4. The dimensionless cool proton temperature
at the maximn value of 7} as a function of the hot /cool
proton relative density from simulations of the proton cy-
clotron instability using initial paraimeters as given in Table
1 and betaparallelh(0) = 0.10. The solid dots correspond
to runs with 4,n(0)/€2, = 0.10, the open squares corre-
spond to runs with ¥,,(0)/€2p = 0.05, the open triangles
correspond to runs with ’)’,,,(())/Q,, = 0.02, and the open
diamonds correspond Lo runs with ‘)m(())/Q,, = 0.01. The
lines represent least-squares fits 1o cach ensermible; these lits
vield M. = 1.18 for 4,,{0)/€, = 0.10, M. = 1.01 for
Ym(0)/2p = 0.05, AL, = 0.90 for 7,,(0)/2, = 0.02, and
M. = 0.83 for 75,(0)/, = 0.01.

Figure 5. The hot proton iviiiporature amsotropy as
a [unction of iin;, using the geosynchronous orbit data sel
described in Gary et al. [1994b)] for 0.001 < ny/n,. <0.10.
The individual points correspond Lo data from January 21-
31, 1994, The two lines represent Equation (2) with ey, =
0.1, The solid line corresponds to 5}, = 0.29, which is
obtained from a maximuim growth rate of 4,y /Q,, = 0.005,
whereas the daslied line corresponds Lo 5, = 0.18, which is
obtained from a maxiimum growth rate of ‘)',,I/QP = 0.002.
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